Polyionics have great potential in improving the performance of neural probes by regulating microglial response. With the shrinkage of microelectrode size and increase in device complexity, challenges arise during liquid-based synthesis of polyionic compounds on neural probes. Nanocoatings of polyionics, with highly crosslinked bulk structure and abundant ionic functional groups on the surface, were synthesized using a process combining chemical vapor deposition and free radical polymerization. Both conformal surface engineering of neural microelectrodes and facile tailoring of surface ionic composition was achieved using this single-step vapor-based method. Adhesion of microglia was reduced on all the polyionic modified surfaces after a seven-day in vitro test, and polyionics with mixed charges presented much lower microglial adhesion than surfaces with single charges. Laminin adsorption on polyionics with mixed charges was significantly reduced due to the surface electrical neutrality and the enhanced wettability. These findings provide valuable information towards the development of neural probes with enhanced biocompatibility and signal stability.
Introduction
Brain microelectrodes enable acquisition of neural activity and selective neuron stimulation to study neural mechanism, 1, 2 recover damaged neurological function, 3, 4 and improve braincomputer communication. [5] [6] [7] However, the performance of chronic microelectrodes has been reported to suffer from the lack of signal stability and short lifetime, which signicantly limits the therapeutic potential of brain probes. [8] [9] [10] Signal degradation is primarily caused by isolation and detachment of the implant from the target neurons. The process starts with protein adsorption on the implant surface, followed by inammatory tissue response and immune cell attachment.
11-13
As the resident macrophage in brain tissue, microglia plays a critical role aer the implantation of brain probes by initiating the inammatory response and engaging in antigen presentation.
14 Studies showed that microglial adhesion leads to the formation of cellular sheath around the microelectrodes, resulting in tissue encapsulation of probes.
11,13,14
Neural adhesion promoters and inammatory suppressors have been applied around microelectrodes to attenuate microglial response. [15] [16] [17] [18] [19] [20] [21] [22] Neural adhesion molecules stimulate the adhesion of neurons and reduce microglia attachment, [23] [24] [25] but the effect usually vanishes aer the release of neural adhesion molecules. 17 Inammatory regulators could effectively lower microglia attachment and suppress its activation. 19, 20 The interleukin-1 receptor antagonist was reported to reduce 50% microglia attachment in rats aer one month, 21 and dexamethasone has been used for localized release to suppress microglial response on implanted neural probes in vivo. 26 Tailoring the surface chemistry of implants offers another route to improve the biocompatibility with neural tissue.
27,28
Hydrophilic surfaces have been known to decrease non-specic protein adsorption, [29] [30] [31] which provides the potential for suppressing microglial response. The hydrogel of poly(N-isopropylacrylamide) was reported to signicantly reduce macrophage adhesion and expression of pro-inammatory cytokines.
32 Spin coated cellulose hydrogel was reported to lower the 24 h-microglia adhesion by 80% in vitro. 11 In vivo studies showed that photo-polymerized poly(ethylene glycol)-based hydrogel exhibits lower microglia adhesion aer 56 days of implantation, 33 and poly(vinyl alcohol)/poly(acrylic acid) hydrogel reduced microglia adhesion by 30% aer six weeks of implantation.
multi-electrode arrays 1,37 as smaller electrodes can further reduce neural tissue damage aer implantation 38, 39 and improve biocompatibility. 40 However, with reduced electrode size and increase in device complexity, challenges arise in hydrogel surface engineering using traditional processing methods, such as spin coating, 11, 19 photo polymerization, 33 and aqueous crosslinking.
34
In this study, we investigated the synthesis of polyionic nanocoatings and the surface engineering of microelectrodes using an initiated chemical vapor deposition (iCVD) method, which combines free radical polymerization and chemical vapor deposition for in situ deposition of chain-growth polymers.
41-44
Positively, negatively, and mixed-charged nanocoatings were synthesized and characterized. The in vitro cell culture tests showed that the mixed-charged polyionics presented minimum microglial adhesion among all the polyionics. Surface protein adsorption of bovine serum albumin (BSA) and laminin were also quantied. BSA was chosen as a model protein for the surface adsorption study. Laminin is a major glycoprotein of basement membrane that plays an important role in the adhesion of activated microglia. 45, 46 The vapor-deposited polyionics formed conformal nanocoatings around microelectrodes, indicating promising applications in surface engineering of ultra-small neural electrodes.
Experimental

Materials
Methacrylic acid (MAA, 99%), 2-dimethylamino ethyl methacrylate (DMAEMA, 98%), ethylene glycol diacrylate (EGDA, 90%), and tert-butyl peroxide (TBP, 98%) were purchased from SigmaAldrich and used without further purication. Silicon wafers (P/ boron h100i) were purchased from WRS Materials. Aclar lm was purchased from Ted Pella. Monopolar microelectrodes were generously provided by FHC. BSA was purchased from Sigma-Aldrich. Mouse laminin (ultrapure) was purchased from BD. PBS (pH 7.4) was purchased from Fisher Scientic. Dodecyl sulfate sodium (SDS, 99%) was purchased from Acros. Micro BCA Protein Assay Kit was purchased from Pierce. Mouse C8-B4 microglia (CRL-2540) and Dulbecco's Modied Eagle's Medium (DMEM) were purchased from ATCC. Penicillin-streptomycin, Fetal Bovine Serum (FBS), and 0.25% trypsin-EDTA were purchased from Life Technologies.
Nanocoating synthesis
Hybrid nanocoatings of poly(methacrylic acid-co-ethylene glycol diacrylate) (PME), poly(2-dimethylamino ethyl methacrylate-coethylene glycol diacrylate) (PDE), and poly(2-dimethylamino ethyl methacrylate-co-methacrylic acid-co-ethylene glycol diacrylate) (PDME) were synthesized using the iCVD method described in previous studies. [41] [42] [43] [44] The initiator of TBP was vaporized at room temperature and fed into the reactor using a mass ow controller (MKS, model 1479A). The monomers of DMAEMA and MAA were both vaporized at 50 C and injected into the reactor using mass ow controllers (MKS, model 1153 and 1150). The crosslinker of EGDA was vaporized at 55 C and injected through a needle valve (Swagelok). The ow rates of DMAEMA, MAA, and EGDA were varied (Table 1) at each stage of deposition to form a hybrid structure, while the TBP ow rate was maintained constant at 0.24 sccm. Inside the reactor, vapor monomers were heated up by a parallel array of nichrome la-ment (Ni80/Cr20, Goodfellow) that was resistively heated to 220 C. Substrates for coating were placed on a water-cooled stage at 40 C during deposition. The temperatures were monitored by thermocouples (Omega, Type K) that were directly attached to the lament and the stage. Pressure in the vacuum chamber was maintained at 300 mTorr using a buttery valve (MKS, model 253B). The increase in thickness of the nanocoatings was measured in situ using an interferometry system with a 633 nm He-Ne laser (JDS Uniphase). The collected laser signal was recorded as cycling waves, and the thickness corresponding to each cycle, as measured via interferometry, was calibrated using variable-angle spectroscopic ellipsometry (VASE). The nanocoated samples were soaked in deionized water for 2 h, followed by rinsing three times to remove any uncrosslinked polymers.
Characterizations
Fourier transform infrared (FTIR) spectra were collected by a Nicolet 6700 FTIR spectrometer using a DTGS detector under the transmission mode at 4 cm À1 resolution. Surface wettability was measured using a goniometer (Ramé-Hart, model 250-F1). Static contact angle was accessed by the standard sessile drop method using a 5 mL droplet of deionized water. Advancing and receding contact angles were accessed using the tilting plate method with a tilting speed of 1 s À1 . Each measurement was repeated three times at different spots on all samples. The mobility factor (MF) of the surface was calculated from the advanced and receding contact angles (q a and q r , respectively) using the following equation: MF ¼ (q a À q r )/q a . 47 X-ray photoelectron spectroscopy (XPS) measurements were performed using a 300 W Mg Ka source and PHI double-pass cylindrical mirror analyzer with a pass energy of 50 eV. The morphology of the neural microelectrodes before and aer coating was analyzed using a FEI Quanta 600 eld-emission gun scanning electron microscope (SEM) operated at an acceleration voltage of 25 kV. Quartz crystal microbalance (QCM) measurements were performed using Q-Sense E1 equipped with QSX 301 sensors. The resonance frequency f was measured at the fundamental resonance frequency of 5 MHz and the third overtone. Experiments were conducted in a continuous ow cell using a peristaltic pump.
Protein adsorption assay
Measurement of BSA and laminin surface adsorption was conducted on coated 96-well plates using the Micro BCA Protein Assay Kit. An aliquot of 100 mL of protein solution at 100 mg mL À1 was added to each well and incubated at 37 C for 1 h, 24 h, or 168 h. 48 Aer incubation, each well was rinsed by PBS for three times, followed by incubation with 100 mL SDS (3%) at 37 C for 1 h. Subsequently, an aliquot of 50 mL was mixed with 50 mL BCA reagent at 37 C for 2 h. Absorption at 562 nm was measured using an Innite M200 multimode microplate reader (Tecan). Protein concentration was determined using the standard curve of BSA as reference.
Microglia adhesion assay
C8-B4 microglia was cultured in DMEM supplemented with 10% FBS, 50 U mL À1 penicillin, and 50 mg mL À1 streptomycin.
Due to the uneven microglia distribution observed in the wells of microplates, Aclar lms were used for the adhesion assay. Microglia was seeded onto Aclar lms placed in a 6-well plate at a density of 1 Â 
Statistics
Statistical analysis was performed using SAS soware (SAS Institute Inc., Cary, N.C.). Statistical comparisons were made by one-way analysis of variance (Anova). The Student's t-test was used for post hoc evaluation of differences among groups. In all statistical evaluations, p < 0.05 was considered as statistically signicant.
Results and discussion
Hybrid polyionic nanocoatings
Polyionics of PME, PDE and PDME were synthesized using the one-pot, two-stage iCVD process illustrated in Fig. 1 . Initially, vaporized monomers MAA and DMAEMA and the crosslinker EGDA were metered into the reaction chamber along with the initiator TBP. The process involves thermal decomposition of TBP over heated laments to create free radicals in the vapor phase and subsequent free radical co-polymerization of the monomer and the crosslinker, forming crosslinked polyionics directly on the solid substrate. The advantage is that the substrate remained at relatively low temperatures ($40 C) and the method does not involve the use of any solvents since the entire process takes place in the vapor and solid phase. At the second stage, the ow of crosslinker was switched off, while the ow of monomer vapors was continued to allow graing polymerization of polyionics from the unterminated radical sites of the crosslinked layer, resulting in surface enrichment with polyionics, which will be discussed later. Details of ow rate and thickness control at each stage are listed in Table 1 . The resultant coating has a hybrid structure comprising a highly crosslinked bulk and a surface layer enriched with polyionics. The overall composition of the hybrid polyionic nanocoatings was characterized by FT-IR (Fig. 2) . Homopolymers of poly(2-dimethylamino ethyl methacrylate) (PDMAEMA), poly(methacrylic acid) (PMAA), and poly(ethylene glycol diacrylate) (PEGDA) were also synthesized via iCVD for comparison. The absorption peak at 1702 cm À1 in the spectra of PMAA, PME, and PDME was assigned to C]O stretching of carboxyl in the MAA moiety, 49 while the absorption peaks at 2772 and 2821 cm À1 in the spectra of PDMAEMA and PDE were assigned to C-H stretching of tertiary amine in the DMAEMA moiety. 50 Interestingly, the C-H stretching bands at 2772 and 2821 cm À1 are not observed in the FT-IR spectrum of PDME, while an absorption peak is observed at 1565 cm À1 .
The new absorption peak was attributed to the close interaction between amine and carboxyl groups, 51 which could possibly result in changes in the C-H stretching modes. The FT-IR of poly(methacrylic acid-co-2-dimethylamino ethyl methacrylate) (not shown) exhibited a similar absence of C-H stretching at 2772 and 2821 cm À1 and a slightly higher absorption at 1565 cm À1 . The absorption at 1728 cm À1 and 1735 cm À1 shown in the spectra of PDME, PDE, and PME are assigned to C]O stretching in DMAEMA and EGDA, respectively. The assignment of FT-IR absorption bands is summarized in Table S1 . † Overall, the above results indicated that DMAEMA, MAA, and EGDA were incorporated into the nanocoatings. The enrichment of DMAEMA and MAA moieties at the top surface of hybrid nanocoatings was veried by XPS survey scans. For example, the nitrogen to carbon (N/C) atomic ratio of hybrid PDE is 7% higher than the N/C ratio of homogeneous PDE, indicating higher concentration of DMAEMA at the top surface of hybrid PDE compared with the non-graed PDE. Neural microelectrodes were engineered using the hybrid vapor deposition process. Fig. 3 shows the microelectrodes aer the deposition of 250 nm-PDME nanocoating. Nanocoatings with thickness below 50 nm can be deposited, 41, 43 but this deposition condition was chosen to maintain the same composition as that of PDME nanocoating in characterization studies. Due to the vapor-based process, the nanocoating was conformal and uniform throughout the entire surface of each individual microelectrode. The conformal feature of iCVD nanocoatings has been clearly demonstrated in the surface engineering of nanostructures we previously reported. 41, 43 No change in the morphology of microelectrode was observed because of the huge dimension discrepancy between the 100 mm-microelectrode and the 250 nm-nanocoating. Compared with the solution-based methods in surface engineering of microelectrodes, the vapor deposition method provides the capability to work on electrodes with complex geometry, while maintaining the desired microstructure.
52,53
Surface wettability
The surface wettability of the polyionic nanocoatings was studied by measuring the sessile drop contact angle. The polyionics signicantly improved the surface hydrophilicity with much lowered contact angle (Table 2) . 54 Similar to that observed on mixed charged zwitterionic coatings, 55-57 the contact angle of PDME was lower than that of nanocoatings with single charges, possibly due to enhanced solvation of oppositely charged amine and carboxyl moieties. 58 The contact angle of PME is higher than that of poly(methacrylic acid) brushes, 59 indicating the presence of the crosslinker component on the hybrid nanocoating surface. The contact angle hysteresis of the hydrogel coatings was in the range of 31. 4-39.3 (34.9 AE 4.0 ), possibly due to the conguration change of polymer chains. 60 The carboxyl and amine moieties were covered by hydrophobic Fig. 1 Schematic illustration for the one-step iCVD synthesis of polyionic PDME. TBP was used as the initiator (I), MAA and DMAEMA were used as the monomers (M), and EGDA was used as the crosslinker (C). PME and PDE were synthesized by a similar procedure, except that only MAA and DMAEMA were used as monomers, respectively. Fig. 2 FTIR spectra of hybrid polyionic nanocoatings of (A) PDME, (B) PME, and (C) PDE, compared with that of homopolymers of (D) PMAA, (E) PDMAEMA, and (F) PEGDA. The absorption peaks at 1702 cm À1 , 1728 cm À1 and 1735 cm À1 were assigned to C]O stretching of MAA, DMAEMA, and EGDA, respectively. The absorption peaks at 2772 and 2821 cm À1 were assigned to C-H stretching of tertiary amine in DMAEMA. moieties of polymer chains to minimize the surface free energy in air. On contacting with water, the carboxyl and amine moieties reoriented and covered the outer surface to minimize free energy in aqueous environment. The mobility factor of the polyionics was around 0.5, which is much lower than that of the linear zwitterionic polymers. 61 The lowered mobility again indicated the presence of the crosslinker component on the outer surface, suggesting that the hybrid nanocoating composition can be optimized to further improve surface wettability. Fig. 4 shows the adhesion of BSA and laminin on PDE, PME, and PDME coated surfaces aer incubating for various periods of time. In one hour, the BSA adsorption on PME, PDE and PDME coatings was 0.14 AE 0.08, 0.34 AE 0.02, and 0.17 AE 0.13 mg per well, respectively, compared with the control. Aer 24 h of incubation, BSA adsorption on PME and PDE increased to 0.65 AE 0.03 and 0.69 AE 0.11 mg per well, respectively, while the protein adsorption on PDME remained at 0.17 AE 0.08 mg per well. At 168 h, no detectable BSA adsorption was observed on PDME surface, while PME and PDE surfaces adsorbed 100% BSA compared with the uncoated surface. The difference in protein adsorption between surfaces with mixed charges and single charges (all positive or all negative) supports the notion that electrical neutrality is important in resisting protein adsorption. 55 The dynamics of BSA adsorption on PME, PDE, and PDME was studied by monitoring the frequency change using QCM. As shown in Fig. S1 , † the frequency of PDME coated sensor initially decreased and then backed up, and close-to-zero frequency change was recorded at 24 h. In contrast, the frequency of PDE coated sensors showed a trend of continuing declination as time progressed, ending with a frequency reduction of 24.6 Hz at 24 h. PME coated sensors showed a similar trend of continuing decrease in frequency. According to the Sauerbrey equation, 62 the frequency reduction is linearly related with the mass of adsorbed protein.
Protein adsorption
The difference in BSA adsorption behavior over time between PME, PDE, and PDME surfaces is consistent with the results observed in the static adsorption test, indicating the potential of using PDME in resisting protein adsorption in the long term.
Compared with the un-coated surface, the adsorption of laminin on PME surface was reduced by 68%, 14%, and 50% in the 1 h, 24 h, and 168 h incubation period, respectively, while PDE surface demonstrated $20% increase in laminin Fig. 4 Protein adsorption on polyionic surfaces. Quantitative amount of BSA (A) and laminin (B) adsorbed per well on negatively charged PME, positively charged PDE, and mixed charged PDME surfaces after 1 h, 24 h, and 168 h of incubation. Significant difference: *p < 0.05. adsorption regardless of the incubation time. Since laminin has negative charges at neutral pH, 63 the substantial difference in laminin adsorption between PME and PDE indicated that the surface-protein electrostatic interaction possibly plays an important role in determining laminin adsorption. 64 The selfassemble nature of laminin 65 may also contribute to the increase in laminin absorption. In contrast, laminin adsorption on PDME surface was reduced to 0.22 AE 0.02, 0.15 AE 0.08, and 0.25 AE 0.01 mg per well within 1 h, 24 h, and 168 h, respectively. The reduction of protein adsorption on PDME could be attributed to the surface hydrophilicity in addition to charge neutrality due to the excess energy needed to replace water molecules during protein adhesion. 66 
Microglia adhesion
Microglia adhesion on the polyionic surfaces was observed using optical microscopy. Representative images are shown in Fig. 5 . Morphologically, microglia had amoeboid appearance with pseudopods except on PDE and PDME, where microglia demonstrated a spherical morphology that indicates a lower affinity 67 at 24 h. The viability of microglia on PDE and PDME was conrmed aer transferring and culturing these microglia into regular cell plates, suggesting that the signicant reduction in lamellipodia and lopodia was possibly due to the resistance to microglia adhesion and spreading.
The adhesion of microglia decreased on all the surfaces of polyionic nanocoatings (Fig. 6) . At 24 h, cell numbers of microglia on PME, PDE, and PDME were reduced by 22%, 35%, and 50%, respectively. At 168 h, the microglia adhesion on PME, PDE, and PDME coatings decreased by 20%, 45%, and 54%, respectively. The decreased microglia adhesion can be associated with the increasing surface wettability, which leads to lower cell attachment 68 and reduced cell proliferation rate.
69
Overall, the surface of PDME was very effective in repelling microglia adhesion in vitro.
Conclusions
Nanocoatings with polyionics enriched at the surface were synthesized using the iCVD process. Conformal surface engineering of neural microelectrodes was achieved using this single-step, vapor-based method, and the surface ionic composition was facilely tailored. Adhesion of microglia was reduced on all the polyionic modied surfaces, and the polyionics with mixed charges presented the lowest microglial adhesion with more than 50% reduction in adherent microglia aer seven days. In addition, polyionics with mixed charges signicantly reduced the surface adsorption of laminin and BSA. The vapor-based nanocoating synthesis bypasses the use of any liquid medium and can be used for the surface engineering of a wide variety of biomedical devices.
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